The objective of our research is to create a system computing brain deformations. We have in view both clinical and training applications, such as "brain shift" calculation, prognosis and diagnosis of development of brain diseases as well as surgical simulators for planning and education. In this paper, we specifically address issues related to creating geometrically and mechanically precise representations of the brain. The method comprises of the following steps: (1) development of a 3D anatomical brain atlas, (2) construction of a finite element mesh of the atlas, (3) creation of a mathematical model, and (4) development of an efficient computational model. We discuss two types of approaches to model deformation behavior of the brain: single-phase brain tissue model, suitable for analysis of relatively short events such as surgical actions; and bi-phasic brain tissue model, well suited for calculations leading to prognosis of the development of diseases. As an illustration of the presented concepts we provide examples of 3D meshing, calculation of reaction force acting on a surgical tool using a single-phase mathematical model, and calculations of the development of hydrocephalus and the effects of tumor growth using the bi-phasic modeling approach.
Introduction
Effective diagnosis and treatment requires integration of numerous sensing modalities. This will become particularly important in the operating room of the future. The key sensing modality used in today's clinical practice as well as in computeraided surgery and diagnosis is vision. Similarly important in treatment is touch, which remains underestimated and underutilized in computer-aided solutions. The importance of mechanics (i.e. force and tactile feedback) in computer simulation for medicine is growing. Certain aspects of it have already found their way into popular accounts.
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To achieve a realistic, clinically acceptable computer simulation one requires an adequate model, capturing the intrinsic physical properties of the organ considered, intervention performed, and surgical accessories used. Neurosurgery is particularly demanding as the brain is the most complicated object in the known universe. Modeling of physical properties of the brain is still an uncovered area pioneered by only a few.
3-5
The physics-based model should contain detailed anatomical (geometrical) information. Such information can be provided by a suitable electronic brain atlas, e.g. the Cerefy Brain Atlas. 6 In the case of patient-specific applications, geometric information provided by the atlas has to be individualized (through an appropriate registration process, not discussed in this paper) to fit to a particular individual. Next, a computational grid has to be created on the domain of interest. In most practical cases, this amounts to producing a finite element mesh. Mathematical models governing the deformation behavior of continua consist of sets of partial differential equations supplemented by constitutive relations, boundary and initial conditions. Numerical methods are needed to solve such sets of equations. These methods require appropriate discretization of the domain of interest. The most common and probably the most effective numerical method for sets of partial differential equations is the finite element method. 7 After creating the mesh, the partial differential equations of a chosen mathematical model are solved and the evolution of variables of interest obtained. The objective of our research is to create a system computing brain deformations, Fig. 1 , and to introduce a framework for the development of physics-based applications.
In this paper we focus on two aspects of the system pictured in Fig. 1: (i) using an electronic brain atlas to obtain geometric information about the brain and meshing; and (ii) selection of mathematical model for applications with different characteristic time scales and strain rates.
Electronic Brain Atlases as a Source of Anatomic and Geometric Information for Mathematical Models of the Brain
The Cerefy brain atlas database has been developed and introduced to clinical, research, and educational practice, 6,8,9 Fig. 2 . This database contains multiple, complementary brain atlases with gross anatomy, brain connections, subcortical structures, and sulcal patterns. For the purpose of this work, the Talairach-Tournoux (TT) brain atlas containing gross anatomy is used. 10 In order to construct a computerized version of the TT atlas, the print atlas plates were digitized with high resolution and the digitized plates were extensively preprocessed, enhanced, and extended. 8, 9, 11 The electronic atlas images were fully segmented and labeled with subcortical structures and cortical regions including Brodmann's areas. Three-dimensional (3D) polygonal models of the subcortical structures and Brodmann's areas were also constructed. The brain atlas is used in several applications for neurosurgery, neuroradiology, human brain mapping, and education. Two applications, NeuroPlanner 12 and BrainBench, 13 demonstrate the potential of the brain atlas in neurosurgery planning and are suitable candidates for integrating results from this research. In order to use in computations anatomical and geometric information contained within the electronic brain atlas suitable grids (meshes) have to be developed. In our implementation, [14] [15] [16] meshing is done in two automatic stages: 2D and 3D
meshing. In 2D meshing, the segmented structure of interest is subdivided into quadrilateral elements. To perform discretization, a grid-based approach is used. 17 In our experience, this method is most suited for meshing complex anatomical shapes. A grid of parallel lines of variable distance is overlaid on the structure dividing its interior into quadrilateral planar elements. The boundary elements are generated from the intersection of the boundary with the grid lines. 3D meshes are constructed subsequently by connecting corresponding nodes at adjacent grid planes. Two adjacent 2D elements are linked together to generate one hexahedral (eight-node) 3D element. Finally, optimization is performed to standardize the elements to conform to FE analysis requirements. The procedure checks the quality of elements by computing their Jacobians, aspect ratios, volumes and areas.
The process of mesh generation is illustrated in Fig. 3 . An ongoing effort is to extend this work for 3D meshing of the Cerefy brain atlas.
Approaches to Modeling Brain Deformation Behavior
The brain is the most complex organ. Its main structures include the cerebral hemispheres, the diencephalon, the brain stem and the cerebellum. The cerebral hemispheres consist of the outer layer of grey matter and the inner core of white matter. The grey matter consists of nerve cell bodies and nerve fibers not surrounded by the myelin. The white matter consists of bundles of long nerve fibers surrounded by myelin sheath. This gives the tissue its white appearance and distinguishes it from the grey matter. In humans, approximately 40% of the brain is composed of the white matter.
18 The brain is maintained in place by membranes and the meninges.
They consist of connective tissues containing collagen and other elastic fibers. The brain is also protected by the cerebrospinal fluid.
Modeling the brain for surgical simulation
Despite its complexity the brain, from the perspective of surgical simulation, can be considered a single-phase continuum. The main reason for neglecting effects of interstitial fluid flow within the brain tissue is that the time scale of this flow is much different (larger) to the time scale relevant to surgical procedures. This relevant time scale ranges from tens of seconds to minutes. The mathematical model of the deformation behavior of a single-phase continuum consists of the standard solid-mechanical partial differential equations of equilibrium (or dynamics), boundary and initial conditions, and a constitutive model for the brain tissue.
Depending on whether one decides to measure stresses and strains with respect to the deformed or undeformed configuration, different (but equivalent) formulations of equations of equilibrium should be used. 19 If Cauchy stress and Almansi strain, both measured with respect to the deformed (current) configuration, have been chosen the equation of equilibrium can be written in the following way:
where τ denotes Cauchy stress, ρ is a mass density, F i is a body force per unit mass in direction i, and the subscript comma indicates covariant differentiation with respect to the deformed configuration. Repeated index summation convention was used.
In the case where Second Piola-Kirchoff stress tensor and Green strain (both measured with respect to undeformed configuration) are preferred, the equations of equilibrium have to be rewritten:
where ρ 0 is a mass density in undeformed configuration and F 0i is a body force per unit mass in undeformed configuration in direction i measured with respect to undeformed configuration. Comma denotes covariant differentiation, this time, with respect to the original configuration. If one prefers Lagrange stress, the equations of equilibrium would look as follows:
The formulation of appropriate boundary conditions supplementing the above equations constitutes a significant problem in biomechanics of soft tissues. In the case of the brain, it is possible to assume the rigidity of the skull, certain gap between the brain and the skull, and no friction sliding boundary condition at the skull-brain interface. 20 However, the suggested approach is only a crude approximation. Research on boundary conditions, in the authors' opinion, is at least equally important to the investigation of the mechanical properties of brain internal structures.
In this contribution, we are most interested in the choice of the appropriate constitutive model for the brain tissue. As shown in Fig. 4 , the stress-strain behavior of the brain tissue is non-linear. 21 The stiffness in compression is significantly higher than in extension. One can also observe a strong stress-strain rate dependency. The distinguishing feature of the mathematical model of the brain intended for the simulation of neurosurgery is the strain rate range (the loading speed range) considered -0.001 s −1 -1.0 s −1 -orders of magnitude lower than that experienced in situations leading to injury and much higher than those encountered in the analysis of brain structural diseases. During loading resulting in such strain rates both non-linear stress-strain and stress-strain rate relations demonstrate their importance.
21,22
To account for these complexities, we suggest using the following constitutive model 21 :
where W is a potential function, λ i 's are principal stretches, µ 0 is the instantaneous shear modulus in undeformed state, τ k are characteristic times, g k are relaxation coefficients, and α is a material coefficient, which can assume any real value without restrictions. The identified values for the material parameters are given in Table 1 .
As can be seen in Fig. 4 , the proposed model accounts well for brain tissue behavior in compression and extension for strains up to 30% and strain rates relevant to surgical procedures (∼0.01-1 s −1 ).
Such model, as shown in Miller et al. 20 can be included in finite element computational model of reaction forces acting on surgical tools. Figure 5 presents the experimental setup and the comparison of the measured and computed forces for the in vivo indentation of the swine brain. The forces predicted by our model were about 31% lower than the measured ones. Taking into account the large variability inherent in biological materials, the agreement, in the authors' opinion, is good. The constitutive model used in this study is linear in parameters describing instantaneous response of the material. Therefore, the increase of these parameters by 31% will result in almost perfect reproduction of the experimental force displacement curve. for the pig 
Modeling the brain for prognosis of structural diseases
Brain structural diseases, such as hydrocephalus or tumor growth, take from hours to years to develop. Interstitial fluid flow has an important mechanical role to play in such long-lasting phenomena. Since 1980, when the paper by Mow and co-workers 23 initiated the growth of impressive body of knowledge related to modeling mechanical properties of articular cartilage tissues using "bi-phasic theories", the method has acquired a high level of maturity. The non-linear formulations and non-linear finite element models have been developed, and solutions for real life, physiological problems attempted, see papers 24, 25 and references cited therein. The automatic schemes have been utilized for model parameter identification. 26, 27 The biphasic approach has been also used for modeling of brain tissue mechanical properties.
28,29
114 Fig. 6 . MR images of (a) normal ventricular configuration; (b) slightly dilated ventricles in a hydrocephalic brain; and (c) CT image of a hydrocephalic brain with significantly dilated ventricles. 35 The biphasic theory assumes the tissue to be a mixture of two immiscible constituents: a solid deformable porous matrix and a penetrating fluid. Following the work of Nagashima 30 and Peña, 31 the biphasic nature of the brain tissue may be modeled using the principles of Biot's consolidation theory, 31 which was further developed and generalized by Bowen. 
Equilibrium, mass conservation, and fluid flow
Interstitial fluid flow through the porous medium is modeled using Darcy's law:
where s = saturation, n = porosity, v w = wetting liquid velocity with respect to the solid phase, φ = pore fluid piezometric head, and k is the permeability of the medium. Continuity of the liquid phase requires that the rate of increase of fluid mass at a point must be equated with the rate of mass of fluid flowing into this point. For a control volume, V , bounded by the surface, S, this may be stated as:
where J is the ratio of the volume in the current configuration to that of the reference configuration, ρ w = pore fluid mass density, n w is the volume ratio of wetting fluid, n = outward normal vector from the surface, S. Equilibrium of the medium is achieved by equating internal and external forces:
where τ c is the Cauchy stress, t the surface tractions per unit area, snρ w g the weight of wetting liquid, g the gravitational acceleration vector, and f all other external forces. Again, we are particularly interested in the choice of the constitutive model for the tissue, in this case for a solid phase of the consolidation model. During the development of brain structural diseases the strain-rate is close to zero. It is therefore reasonable to adopt the limiting (hyperelastic) case of the constitutive model given by Eqs. (4) and (5), and Table 1 as a description of the properties of the solid phase:
where: µ ∞ = ∼155 Pa is the shear modulus in undeformed state at infinitesimally slow loading. α = −4.7. Permeability, k = 1.59 × 10 −7 m/s, and Poisson's ratio, ν = 0.35, are obtained from Kaczmarek et al. 29 and the initial void ratio for the material is taken as 0.2.
28
Recent work 33 showed no significant difference between white and grey matter elasticity, and so homogeneity and isotropy are assumed for the entire brain. The fluid phase is considered to be an incompressible, inviscid fluid with mechanical properties as for water.
Computer simulation of the development of hydrocephalus
Hydrocephalus is a disorder of the brain associated with disruption to the flow of cerebrospinal fluid (CSF), Fig. 6 . CSF is produced by the choroid plexus, within the lateral ventricles of the brain, and under normal conditions is then circulated through the third and fourth ventricles and the spinal cord, and finally absorbed within the sub-arachnoid space. 34 In a hydrocephalic brain, an obstruction may block this flow and prevent extrusion of CSF from the lateral ventricles. Consequently, ventricular fluid pressure increases and forces expansion of the ventricle walls. Being confined by the rigid skull (except in infantile cases) the periventricular brain parenchyma is compressed, and in acute cases, destroyed. Additionally, significant edema is observed in the periventricular material, particularly in the regions of the frontal and occipital horns, as the increased ventricular pressure forces permeation of the CSF through the surrounding tissue.
Here, we present an example simulation taken from Taylor and Miller. 36 Model geometry was obtained from a horizontal cross-section presented in the anatomic atlas. 10 The section was taken at 20 mm above a reference defined by the anterior and posterior commissures. 10 Pore pressure was fixed at zero at the skull boundary to ensure outward radial CSF flow and drainage in the sub-arachnoid space. The outer brain surface was assumed fixed to the skull and so surface nodes are constrained in all directions. Along the midline boundary, nodes are constrained in the horizontal direction (due to the presence of the left hemisphere), but are allowed to displace vertically. Loading of the ventricular wall was in the form of a distributed fluid pressure over the surface, with a magnitude of 3,000 Pa, in line with previous work. 28, 30 Model solutions were obtained using ABAQUS/Standard finite element software. 37 Based on published data, 22 the total development time for hydrocephalus was taken as 4 days (345,600 seconds). Further details can be found in the original publication.
36 Figure 7 shows the deformed mesh compared with the original configuration. The pressure across the surface of the ventricle produces an overall expansion of the ventricular space. In particular, there is a pronounced lateral displacement of the right wall of the ventricle, and a dilation of the ventricle tips (frontal and occipital horns). Maximal displacement midway along the ventricle right wall is 4.79 mm. Figure 8 shows the void ratio distribution after loading -the unloaded void ratio throughout the medium is 0.2. Significant increases around the ventricular horns are apparent. Void ratios in these regions rise to as much as 0.363.
As the medium remains fully saturated, any increase in void ratio corresponds to an increase in the fluid content in that region. The areas with increased void ratio around the ventricle horns may be identified as areas of fluid edema.
Computer simulation of the effects of the tumor growth
Tumor growth can cause a substantial brain deformation and change stress distribution in the tissue as well as patterns of CSF, interstitial fluid and blood flow within the brain. The bi-phasic approach presents itself as an appropriate starting mathematical modeling technique to investigate such phenomena.
Here we present an example simulation. The same geometry as in the simulation of hydrocephalus (see above) was used. The tumor was modeled as a rigid circle of 3 cm diameter. Figure 9 shows the calculated pore pressure distribution within the brain and magnitudes of flow velocity.
Changes of pore pressure and altered patterns of interstitial fluid flow direction and speed may have detrimental effect on brain cell metabolism and function. The ability to predict future changes of field variables characterizing mechanical equilibrium of the brain may lead to improved prognosis and diagnosis methods. For instance, by knowing the tumor growth, it is possible to predict the corresponding intracranial pressure. This information is critical particularly for patients waiting in a queue for their surgery. • intra-operative computations, such as calculation of a "brain shift"
• patient-specific operation planning • prognosis of the development and effects of diseases (ii) training applications
• non-patient-specific "average" surgical simulation systems • simulators for specific applications, such as needle insertion simulators, etc.
In particular we are interested in understanding mechanics of brain biopsy. Appropriate computational models of needle insertion may lead to clinical applications such as recognition of brain structures through measurement of reaction forces acting on the needle as well as to simulators intended for medical training.
To cope with these problems we propose to build a mechanics-based atlas of the human brain. As a starting point for this purpose, we use the Cerefy brain atlas. This anatomical atlas has several advantages, including high parcellation of structures, 3D models, and acceptance by and availability to the clinical community, as it is available in major image guided surgery systems and on stand-alone CD-ROMs.
The choice of the appropriate mathematical model and consequently the appropriate constitutive model for the brain tissue depends on the time-scale and strainrate range typical for the event one attempts to simulate. As shown in this paper, the preferred model for relatively short events and moderate strain-rates is a singlephase continuum model with hyper-viscoelastic constitutive equation for the tissue. For slow events, one should choose a bi-phasic model with a hyperelastic constitutive equation for the solid phase. This hyperelastc equation is a limiting case for infinitesimally slow strain rates of the more sophisticated hyper-viscoelastic model.
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